Objectives/Hypothesis: SLITRK family proteins control neurite outgrowth and regulate synaptic development. In mice, Slitrk6 plays a role in the survival and innervation of sensory neurons in the inner ear, vestibular apparatus, and retina, and also influences axial eye length. We provide the first detailed description of the auditory phenotype in humans with recessive SLITRK6 deficiency.
INTRODUCTION
The SLITRK family consists of six neuronal transmembrane proteins that each have two N-terminal leucine-rich repeat (LRR) domains and a C-terminal region that shares homology with neurotrophin receptors. SLITRKs are found predominantly in neural tissue where they modulate neurite outgrowth and regulate synaptic development. [1] [2] [3] SLITRK6 is expressed in the auditory system during embryonic and postnatal life; expression is strongest in the inner ear, modest in the thalamus and lateral geniculate nucleus, 4, 5 and absent in the cortex. 1, 2 Its expression in the inner ear promotes innervation and survival of sensory neurons. 4 In Slitrk6-deficient (Slitrk6-/-) mice, organization of the organ of Corti is normal, but cochlear innervation density is decreased and many sensory neurons within spiral and vestibular ganglia die during development. 4 Affected mice have a reduced first auditory brainstem response (ABR) wave, mid-frequency (8-16 kHz) hearing loss (HL), attenuated auditory startle, and decreased vertical vestibulo-ocular reflex gains. 6 Additionally, a recent study showed that Slitrk6/SLITRK6 deficiency affects cochlear and retinal innervation and axial eye length in mice and causes sensorineural deafness and high myopia in humans. 7 We identified nine Old Order Amish individuals who were homozygous for a nonsense mutation of SLITRK6 (c.1240C>T, p.Gln414Ter) and suffered progressive cochlear and auditory nerve dysfunction. As a complement to the ophthalmological phenotype described by Tekin et al., 7 here we focus on the longitudinal auditory phenotype of Amish SLITRK6-deficient patients.
MATERIALS AND METHODS

Patients
Nine subjects (mean age 15.3 6 13.9 years, range 0.3-36.8 years) from an endogamous Amish community of Pennsylvania were evaluated and cared for at the Clinic for Special Children. The study was approved by the Institutional Review Board of Lancaster General Hospital and all patients (or their parents) consented in writing to participate. All participants underwent thorough clinical examination, and no abnormal neurologic findings were identified outside of the auditory and visual systems. The four oldest SLITRK6 c.1240C>T homozygotes wore corrective lenses for high myopia.
Genetic Mapping and Genotyping
Single nucleotide polymorphism (SNP) genotyping and genetic mapping was performed with the GeneChip Mapping 10K Assay Kit (Affymetrix, Santa Clara, CA) as previously described. [8] [9] [10] Data were analyzed in Microsoft Excel spreadsheets (Microsoft Corporation, Redmond, WA). SNP positions came from Affymetrix genome annotation files, and genotype data came from the Affymetrix GeneChip Human Mapping 10K Xba 142 Arrays. Data analyses were designed for rapid identification of genomic regions demonstrating homozygous identity between all affected individuals (i.e., autozygosity). These analyses assumed mutation and locus homogeneity. Two-point logarithm of odds (LOD) scores were calculated for each genotyped SNP using an approach similar to Broman and Weber. 11 Location scores for shared homozygous SNP blocks were calculated by summing the lLOD scores corresponding to the individual SNPs in the region. This provided a relative measure that a specific homozygous block harbored the disease gene. Genotype data from 100 healthy Amish females were used for allele frequency estimations.
To genotype Amish control samples, we developed a high resolution melt analysis using an unlabeled probe for the SLITRK6 variant on a LightScanner 32 System (BioFire Diagnostics, Salt Lake City, UTz). We validated the assay in patients and their parents and siblings of known genotype to demonstrate accurate allele discrimination and genotype calls. We then genotyped 571 randomly selected Lancaster Amish control samples. Autosomal recessive inheritance was assumed.
Auditory and Vestibular Testing
We tested tympanometry with a 226-Hz probe tone, measured ipsilateral middle ear muscle reflexes (MEMR) between 80 to 100 dB HL at 0.5, 1, 2, and 4 kHz, and obtained distortion product otoacoustic emissions (DPOAEs) using the ILO (otodynamic) "8 points/octave" function. Recorded were 2f1 to f2, for f2 varying from 842 Hz to 7996 Hz, and intensities of the primaries were kept constant across the frequency range [f1 5 65 dB sound pressure level (SPL), f2 5 55 dB SPL]. The f1/f2 frequency ratio was 1.22.
We elicited ABRs using 100 l second air-conduction clicks and recorded from a two-channel four-electrode montage (mastoid-high forehead-mastoid). Responses were first obtained at 90 dB normal hearing level (nHL) then at variable intensities (50-100 dB nHL) based on individual responses. Condensation and rarefaction clicks were used to distinguish the cochlear microphonic (CM) from the compound action potential. The rate of stimulation was 27.7/s, low pass filter was 1500 Hz; high pass filter was 100 Hz, and gain was set at 20 K. The presence of a wave was only established when at least two different recordings (for each polarity of the click) were available at the same or different intensity to verify reproducibility.
We measured pure tone audiograms and speech audiometry with insert earphones in a soundproof booth. Speech reception thresholds (SRT) and speech discrimination scores (SDS) were obtained using live voice. Because of age and a language barrier, SDS could not be established in the youngest children. Right/left symmetry and correlations of age with HL (dB) and SRT (dB) were tested using the nonparametric Spearman correlation coefficient (r s ).
Vestibular evoked myogenic potentials (VEMP) recordings were obtained with two surface electrodes placed on the sternocleidomastoid muscles in three children. The children contracted their sternocleidomastoid muscles by rotating their heads contralaterally to the ear that was receiving sound stimulation. Recordings were first obtained at 95 dB. In presence of a response, stimulus intensity was decreased to find the VEMP threshold. In the absence of a response, intensity was increased to 100 dB. Each recording was repeated to ensure proper accuracy.
In Vitro Functional Studies
Human SLITRK6 (NM_032229.2) was amplified by polymerase chain reaction (PCR) using cDNA reverse transcribed (SuperScript II; Life Technologies, Carlsbad, CA) from human adherent retinal pigment eipthelium cells (ARPE-19; ATCC, Manassas, VA) and then ligated into pENTR/D-TOPO (Life Technologies). The c.1240C>T variant was introduced by sitedirected mutagenesis (QuikChange II; Agilent Technologies, Santa Clara, CA) and constructs verified by Sanger sequencing were recombined into pcDNA3.2/V5-DEST (Life Technologies) for expression of C-terminal V5-tagged fusion proteins.
Verified expression clones were transfected into mouse UB/OC-2 auditory hair cell precursor cells (gift from Matthew Holley, University of Sheffield, U.K.) using FuGENE 6 (Promega, Madison, WI). Prior to transfection, UB/OC-2 cells were maintained at 33 C/5% CO 2 in Eagle's minimal essential medium (MEM) with GlutaMAX, 10% fetal bovine serum (FBS), and 50U/ml interferon-gamma (Life Technologies). 4, 6, 12 For transfection, UB/OC-2 cells were transferred to MEM with Glu-taMAX and 10% FBS (without interferonc) and were cultured for 48 hours (posttransfection) at 37 C/5% CO 2 .
Following transfection, UB/OC-2 cells grown on 25-mm coverslips were prepared for immunofluorescence microscopy and imaged, as described elsewhere. 10 SLITRK6/C-terminal V5 fusion proteins were detected with mouse monoclonal anti-V5 (1:500) and AlexaFluor 488-conjugated goat-anti-mouse IgG 2a (1:400) (Life Technologies). Nuclei were labeled with with DAPI (4 0 ,6-diamidino-2-phenylindole-1.5 mg/ml; Santa Cruz Biotechnology, Santa Cruz, CA).
For Western blotting, UB/OC-2 cells grown to 100% confluence on 10-cm dishes were lysed in RIPA buffer (50 mM Tris-HCl, pH 8.0, with 150 mM NaCl, 1.0% Igepal CA-630, 0.5% sodium deoxycholate, and 0.1% sodium dodecyl sulfate) supplemented with 1mM EDTA, 2mM NaF, 1mM Na 3 VO 4 , and protease inhibitor cocktail (Roche, Indianaoplis, IN). 4 Lysates were sonicated briefly on ice and cleared by centrifugation at 14,000 rpm/4 C for 10 to 15 minutes. SDS-PAGE and Western blotting were performed as described elsewhere. 10 SLITRK6/C-terminal V5 fusion proteins were detected with mouse monoclonal anti-V5 (1:5,000) and HRP-conjugated goat-anti-mouse IgG (1:1,500) (Cell Signaling Technologies, Beverly, MA). Immunoblots were developed using enhanced chemiluminescence (LumiGlo, Cell Signaling, Danvers, MA) and imaged with Kodak BioMax film (Carestream, Rochester, NY).
RESULTS
Genetic Mapping and Sequencing
Using DNA samples from three affected children from a single sibship, we mapped a locus for nonsyndromic deafness to chromosome 13q31 between SNP markers rs722023 and rs958373 (Fig. 1A ). The mapped region contained 33 known or putative genes, 19 of which were pseudogenes. Annotation of the remaining 14 genes revealed SLITRK6 as a strong candidate gene based on expression, function, and the phenotype of a Slitrk6 knockout mouse. 4 Direct Sanger sequencing of the SLITRK6 gene in affected individuals identified homozygosity for a novel nonsense variant: c.1240C>T (p.Gln414Ter) ( Fig. 1B) . Using high resolution melt analysis, we genotyped 571 Old Order Amish control samples and identified 27 carriers (27/571 5 4.7% carrier frequency). This carrier frequency is not unexpected within an endogamous study group, such as the Amish which has pathogenic allele carrier frequencies as high as 6% (Ellis-van Creveld syndrome, EVC IVS1315G>T) and 11% (Nemaline rod myopathy, TNNT1 c.505G>T). 13 
Audiological and Vestibular Testing
Audiological data are summarized in Table I . In the seven patients who could be tested for MEMRs, an ipsilateral response was present at 100 dB (4 kHz) bilaterally in one child, in the left ear in two children, and absent bilaterally at maximal 100 dB intensity (0.5, 1, and 2 kHz) in the four oldest subjects. Distortion product otoacoustic emissions were absent in all seven testable subjects (Table I) . A CM was absent in the two oldest patients (ages 32.3 and 36.8 years), but was of increased amplitude and duration in all but one child's ears (Fig. 2) .
In both children and adults, ABRs were markedly dys-synchronised bilaterally (Table I, Fig. 3 ). When comparing condensation and rarefaction responses, no reproducible waves I, III, or V were observed at high intensities. However, adding both polarities together Fig. 1 . Gene discovery in autosomal recessive auditory neuropathy. We mapped and identified the gene using a single sibship, which in isolated populations such as the Old Order Amish can be accomplished with as few as two affected individuals, then subsequently identified additional affected individuals from separate sibships. A) We performed a genome-wide homozygosity mapping study using Affymetrix Gen-eChip Mapping 10K SNP Arrays with a single Old Order Amish sibship with three affected. Two large, shared blocks of homozygosity were identified on chromosomes 13 and 14. However, the location score was highest for the chromosome 13q31 region, and a subsequent affected child in the family was not homozygous for the chromosome 14 SNP markers. The common homozygous segment was flanked by SNPs rs722023 and rs958373, spanned 9.3 Mb, and contained 33 known or predicted genes based on NCBI annotations. B) Sanger sequencing of the SLITRK6 gene revealed homozygosity for a nonsense variant in exon 2 in all affected individuals (c.1240C>T). The three panels depict sequencing of a normal homozygote, a carrier, and a mutation homozygote, respectively. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] revealed some synchrony in several ears. Figure 3A is an ABR tracing from the right ear of subject 2 that depicts the presence of wave I and II obscured by the large ringing CM. Figure 3B shows wave I in the right ear of subject 6. Only one of all ears tested showed the presence of wave V, which did not shift in latency when click intensity was decreased. In the oldest sub-jects tested, CM and neural synchrony were absent (Fig. 3C ).
Among the eight subjects who could be tested, behavioral audiograms revealed strong correlations between age and both HL (r s 5 0.87, P 5 0.007) and SRT (r s 5 0.93, P 5 0.007) ( Fig. 4) , which in turn were closely correlated (r s 5 0.81, P 5 0.0002). Both the CMs and degree of HL showed striking right/left symmetry (right versus left ear r s 5 0.98, P 5 0.0004) (Figs. 2,4) . Vestibular evoked myogenic potentials were tested in four ears from three subjects and were normal in three ears and absent in one ear.
In Vitro Functional Studies
SLITRK6 is an 841 amino acid protein with a structure, as shown in Figure 5A . 14 Heterologous overexpression of wild-type human SLITRK6 in mouse UB/OC-2 auditory hair cell precursors resulted in the production of an approximately 100-kDa protein that trafficked to the plasma membrane and collected in abundant membrane puncta, consistent with the behavior of other SLITRK family proteins ( Fig. 5B and 5C ). 3 Overexpression of c.1240C>T SLITRK6/V5 produced a 50-kDa protein that distributed uniformly throughout the cytosol and did not produce puncta (Fig. 5B,5E ).
DISCUSSION
The Expanding Spectrum of Auditory Neuropathy
Homozygous nonsense mutations of human SLITRK6 (c.1240C>T) are associated with an auditory neuropathy spectrum disorder (ANSD) characterized by absent MEMRs and OAEs, large and prolonged CMs, dys-synchronized ABRs, and pure tone HL that pro-gresses with age. [15] [16] [17] [18] In ANSD patients, CMs can be quite large and continue over several milliseconds, which may reflect a lack of time-locked neural activity. 16 A large CM is especially common in ANSD subjects less than 10 years of age. 19 In the absence of middle ear conductive HL, OAEs are often present in patients with ANSD, but can decline or disappear over time while CMs remain intact. 19 ANSD is historically defined as a disorder of inner hair cells (IHCs) or the auditory nerve in the presence of normal outer hair cells (OHCs), but there is now evidence that some types also involve loss of OHC function. Although the preservation of OAEs and CMs has been considered evidence of normal OHCs, an especially large CM that persists for several milliseconds after a transient click stimulus suggest OHC dysfunction in SLITRK6associated and other forms of ANSD. Moreover, ANSDs can be progressive as shown by abnormal OAEs, a loss of OAEs over time, a progression in the extent of hearing loss, or development of peripheral neuropathy. [20] [21] [22] [23] In one retrospective of 260 ANSD patients, one-fourth of patients had either partial or absent OAEs. 24 
In Vitro Functional Studies
Our observations corroborate the recent report of an association between autosomal recessive HL and another SLITRK6 nonsense mutation (c.890C>A, p.S297X), 13, 25 and suggest that the SLITRK6 protein plays a critical role in the formation and retention of auditory and visual sensory circuits.
The entire coding sequence for SLITRK6 is contained within a single exon (exon 2) of the mature transcript and thus SLITRK6 Gln414Ter is expected to escape nonsense-mediated decay. The SLITRK6 c.1240C>T change truncates the C-terminal transmembrane domain that normally localizes the protein to the plasma membrane and anchors the N-terminal LRR directed to the extracellular space. Accordingly, SLITRK6 Gln414Ter is expressed in mouse UB/OC-2 auditory hair cell precursors, but fails to localize to the membrane.
The preservation of a signal peptide and signal peptidase cleavage site in the N-terminus of SLITRK6 Gln414Ter suggests that the truncated protein might be secreted from the cell via the lumen of trafficking membrane vesicles. However, we were unable to detect SLITRK6 Gln414Ter in concentrated medium from UB/OC-2 cells overexpressing SLITRK6 c.1240C>T cDNA (data not shown), and our in vitro studies indicate that SLITRK6 Gln414Ter is a soluble protein fragment homogenously distributed throughout the cytosol. Similarities between the human SLITRK6 c.1240C>T and murine Slitrk6-/-phenotype suggest that the c.1240C>T variant results in loss of SLITRK6 function, 4,6 but we did not exclude the possibility that a toxic gain of function associated with SLITRK6 Gln414Ter results from misdirection of leucine-rich repeat domains to the intracellular space or loss of the intracellular Ntrk-like C-terminal domain (Fig. 5 ). The impact of SLITRK6 Gln414Ter on neurotrophin and neurotrophin receptor expression and modulation of neurite outgrowth remains to be characterized. Of note, none of the affected subjects exhibited signs or symptoms of generalized neurologic disease that could account for their auditory neuropathy.
Cochlear Structure and Function
In Slitrk6-/-mice, the organ of Corti and the cochlear sensory epithelium appear normal, but type II spiral ganglion fibers that innervate OHCs are reduced in number. 4 Wild-type Slitrk6 is expressed in the murine primitive neurosensory epithelium where hair cells are produced during embryogenesis. 1 Although OAEs have not been tested in Slitrk6-/mice, 6 they are absent in humans with the Gln414Ter nonsense mutation, suggesting abnormal number or function of OHCs.
Absent OAEs coupled to an especially prominent and prolonged CM is typical of ANSDs. 16, 26, 27 The CM is a field potential, believed to result from the vector sum of extracellular components of receptor potentials arising in outer, and IHCs 28 OHCs appear to be the major source of CMs 29 that arise primarily from basal regions of the cochlea. 30 It is thus likely that the large CM in young SLITRK6 c.1240C>T homozygotes is generated by basal OHCs that still function at high frequencies (>10 kHz), are not tested by DPOAEs, and senesce by early adulthood.
The relationship between pure CM surface detection and normal OHC function is not fully understood. Cortical microphonics and OAEs are generated by distinct mechanisms; CMs have been recorded in the context of extensive OHC loss [31] [32] [33] and in ANSD patients who have absent OAEs. 22 Thus, the CM cannot be considered a reliable marker of OHC integrity and it is likely that SLITRK6 c.1240C>T homozygotes have some Fig. 5 . In vitro expression and localization. A) SLITRK6 has an extracellular N-terminal extension that contains two SLIT-like leucine-rich repeat domains and an intracellular C-terminus with two conserved tyrosine residues that are subject to phosphorylation in a sequence homologous to the Ntrk neurotrophin receptors. The c.1240C>T (p.Gln414Ter) change introduces a premature termination codon predicted to truncate the protein after Leu 413 . Conserved domains in human wild-type SLITRK6 (top) (Uniprot Q9H5Y7) and SLITRK6 Gln414Ter (bottom). LRRNT 5 leucine-rich repeat N-terminal domain; LRR 5 leucine-rich repeat; LRRCT 5 leucine-rich repeat C-terminal domain; TMD 5 transmembrane domain. C-terminal tyrosine residues 820 and 833 are phosphotyrosine residues in a conserved Ntrk-like domain. 12 B) Western blot of lysates of UB/OC-2 cells overexpressing human SLITRK6 C-terminal V5 epitope-tagged constructs. SLITRK6 Gln414Ter is stably expressed as an approximately 50-kDa cytosolic protein. The increased abundance of SLITRK6 Gln414Ter relative to wild-type SLITRK6, despite equal total protein loading, may result from lower efficiency in extracting wild-type SLITRK6 from the membrane relative to cytosolic SLITRK6 Gln414Ter. C and D) Heterologous overexpression of wild-type SLITRK6 in UB/OC-2 cells suggests that SLITRK6 traffics normally through the major membrane system to the plasma membrane. By contrast, SLITRK6 Gln414Ter appears to be relatively uniformly distributed throughout the cytosol without the membrane puncta characteristic of SLITRK family expression. 3 degree of OHC dysfunction that worsens with aging. In contrast, the absence of OAEs in patients with large CMs and wave I recordings at high intensities (at least in children) suggests that IHC function is relatively preserved. Consequently, most residual cochlear function in SLITRK6-deficient patients is probably mediated by IHCs.
Afferent and Efferent Auditory Nerve Function
In Slitrk6-/-mice, there are 50% fewer spiral ganglion neurons, fewer axon projections from the spiral ganglion to cochlear hair cells, and abnormal ABR thresholds and amplitudes. 4, 6 Among SLITRK6 c.1240C>T homozygotes, wave I can be generated in children at high stimulus intensity, but there is insufficient synchrony (except in one ear) to generate waves III and V in the brainstem. The absence of OAEs precluded testing of the medial efferent olivocochlear system, but abnormal efferent function is also typical of patients with ANSD, 34 and may be reflected by increased duration of the CM. 23, 34, 35 The auditory neuropathy associated with SLITRK6 c.1240C>T in humans is more severe than that observed in Slitrk6-/-mice. This may reflect a more prominent role of SLITRK6 in human versus murine auditory development.
Distribution, Symmetry, and Progression of Hearing Loss
Afferent and efferent innervation deficits are distributed evenly throughout all turns of the cochlea in Slitrk6-/-mice 4 and in SLITRK6 c.1240C>T patients, HL tends to be flat across frequencies (more in children than adults) and symmetric between right and left ears. Moreover, both HL and the CM (when present) are quite symmetrical, a pattern that is atypical for ANSD. 35 Moderate HL associated with SLITRK6 c.1240C>T during childhood appears to progress to severe or profound HL by early adulthood, with better preservation of low versus medium and high frequencies. We did not perform the serial auditory exams on single individuals that would be necessary to verify this, but there are strong inverse correlations between age and both pure-tone audiograms and SRTs in subjects homozygous for SLITRK6 c.1240C>T. As previously noted in ANSD patients, these behavioral changes correlate with decreases in the presence, amplitude, and duration of the CM. 23 The disappearance of the CM (and increase in behavioral thresholds) in older subjects is probably a sign of IHC death.
Auditory Behavior and Speech and Language Development
Like most ANSD patients, SLITRK6-deficient subjects present with better behavioral thresholds than their ABR would indicate. Speech reception thresholds correlate with pure-tone audiograms, but speech perception is impaired out of proportion to the pure-tone threshold. Despite OHC dysfunction and auditory dyssynchrony at the level of the brainstem, affected subjects heard well enough in their early years to develop speech and language without specific intervention. They become good lip readers, and use visual cues to compensate for HL. By adulthood, however, understanding speech becomes difficult and adults increasingly rely on lip reading. The two oldest SLITRK6 c.1240C>T patients became hearing aid users but with limited benefit. This is not surprising as the amplification of sounds used to compensate for OHC dysfunction cannot overcome the auditory neuropathy.
None of our SLITRK6-deficient subjects used cochlear implants (CIs). The efficacy of CIs cannot be predicted solely on our results, but outcomes after implantation in other ANSD patients suggest that they could be of some benefit. A recent study of 35 pediatric subjects with ANSD showed that speech and language outcomes after CI were indistinguishable from those of an equal number of age-matched, implanted children with non-ANSD sensorineural HL. 36 Thus detection of affected individuals during infancy holds promise for better and more timely interventions that should improve long-term speech and language outcomes.
CONCLUSION
Homozygous nonsense mutations of SLITRK6 (c.1240C>T, p.Gln414Ter) is associated with high myopia and ANSD. Recessive, nonsyndromic, progressive HL is the first human phenotype associated with a variant of the SLITRK protein family. 
